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iNramOKAliY  LETT  BLANK. 


J.  INTRODUCTION 


The  U.S.  Anny  is  devol oping  a  training  '’ound  for 
training  projectile  is  to  be  used  in  lion  ot  the  present 
well  as  future  service  ariitnuuition.  The  curr-ent  coTibat 


the  nh:n;n  cantion.  This 
service  am:riunition  as 
ammunition  is  a  spin- 


stabilized,  armor-piercing,  discar’ding  n.ibot,  traced  projectile,  "APDS-T,"  sec 
Figure  la.  It  will  soon  be  rei)laced  witit  an  armor- pi  ere  i  ng ,  fin-stabilized, 
discarding  sabot,  traced  projectile,  "Af’FSDS-T , see  Figure  It.  In  the 
interim,  it  is  desii'cd  Lliat  the  training  round  bal  1  i  stically  match  both,  the 
APDS-T  and  trie  APFSDS-T  ammunition.  The  requiromi^nts  for  ai,  aer'oball  Isl ic 
match  are  summer' i zed  below. 


(1  ) 


(2) 


The  time  of  flight  difference  between  t'ne  APTP-T 
the  service  pr'ojcetiles  will  be  less  than  O.bO  s 
2000  meters. 

The  center  of  impact  of  tlie  APTP-T  will  not  vary 
that  of  the  service  ammunition  by  more  than  1  rrOl 
0  to  2000  meters. 


and 

at 


f  "om 
fr'oni 


(3)  The  APTP-T  will  have  a  maximum  range  of  8000  meters 
which  includes  tne  ricochet  safety  danger  zone. 

(*i)  The  APTf’-T  will  have-  a  visible  trace  from  100  meters 
to  at  least  2000  meters. 

(0)  Trie  AFTr-T  will  have  dispersion  that  does  not  exceed 
the  dispersion  of  the  service  ammunition  by  rr.ore  than 
lOJ. 


A  variety  of  possible  training  round  candidates  were  evaluated  to  determine  if 
they  would  meet  the  requirements.  Con''iguralior)s  considered  included:  a) 
flare  stabil^ized  long  rods,^  b)  vented  flare  "LKL"  long  rods,^  c)  tubular 
projectiles,  and  d)  spin-stabilized,  de-spin  and  fin-stabilized  pro¬ 
jectiles.  Based  on  preliminary  evaluation  of  the  latter  candidates,  it  was 
concluded  that  a  spin-stabilized,  armoi — piercing,  target  practice,  traced 
projectile,  "APTP-T,"  should  be  developed.  The  APTP-T  rouiid  would  be  sabot 
launched  and  similar  in  configuration  to  the  present  APDS-T  service  pro¬ 
jectile,  see  Figure  2.  To  achieve  the  required  ballistic  match,  the  APTP-T 
would  utilize  a  tracer  as  a  base  bleed  mechanism  to  reduce  the  total  drag 
early  in  the  trajectory.  After  tracer  burnout,  the  resulting  high  drag  in 
combination  with  a  low  ballistic  coefficient  would  limit  maximum  range. 


Focus  of  the  present  report  is  on  evaluation  of  the  capability  of  the 
APTP-T  concept  to  meet  requirements  (2)  and  (3).  The  other  requirements  are 
or  can  be  satisfied.  The  time  of  flight  requirement,  (1),  is  easily  met,  as 
described  in  Reference  6.  The  trace  requirement,  (i4),  is  met  by  using  a 
design  which  combines  the  projectile  trace/base  bleed  functions  into  a  single 
mechanism.  The  projectile  dispersion  requ'rement,  (5),  is  a  complex  design 
problem  beyond  the  scope  of  the  present  report.  However,  a  well  designed  and 
manufactured  projectile/sabot  combination  will  meet  this  requirement. 


Requirement  (2)  states  that  the  training  projectile  must  remain  within 
one  milliradian  of  the  ser-vice  projectile  for  the  first  2000  meters.  This 
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posc2  d  sevei’c  design  challenge  because  Jump  char'actei’ isbics  cun  dilfer'  sig" 
nirioanbly,  even  for  rather  siraildr  projectile  design  conf igurations .  v-urr.p  is 
defined  as  the  angular  deviation  of  the  pr-ojeotile  from  th.e  pre-siiot  Imo-ol- 


fire  by  causes  other 
behavior'  include. 


than  gravity  drop.  Factors  gover-ning  projectile  Jump 


(1)  The  gan  dynamics  of  the  cannon.  Axial,  hor'icontal  and  vertical 
motion  of  the  cannon,  pnior  to  shot  exit,  cause  the  muzzle  to 
deviate  from  the  pre-s!iot  1  i no~ol'“f ire  at  shot  exit. 


(2) 


Projectile  inborc  balloting  and  muzzle  di 
arc  such  thac  the  projectile  CG  velocity 
with  the  bore  centerline  ut  shot  exit. 


sengdgement  disturbances 
vector  is  not  coincident 


(3) 


Sabot  discard  perturbations  that  further  alter  tire  linear  and 
angular  luotions  of  the  projectile. 


('4]  Free  flight  initial  conditions  that  r-esult  in  aerodynamic  Jump, 
see  Reference  7. 


Differences  in  projectile  weight,  inertial  properties,  CG  location,  muzzle 
velocity  and  aerodynamic  characteristics  cause  different  responses  to  the 
above  factors.  This  is  why  the  Jump  of  the  spl n~stabi  1 1  zed  APTP~T  training 
projectile  will  be  different  from  that  of  the  spin-stabilized  APDS-T  service 
projectile  or  the  fin-stabilized  APFSDS-T  service  projectile.  Tests  to 
evaluate  these  interactions  are  reported  herein  as  Section  II:  "Transitional 
Sullictios  and  Jump  Characterisl ics. "  Tnese  tests  measure  and  uompare  the 
entire  ballistic  trajectories  of  the  APTP-T  and  the  APDS-T  projectiles  from 
muzzle  exit  to  target  impact,  over  a  range  of  ''00  meters.  The  testing  was 
conducted  in  the  U.S.  Army  Ballistic  Research  Laboratory  Aerodynamics  Range 
Facility,  "ARF."  From  the  test  data,  the  sources  of  the  projectile  Jump  could 
be  Identified  and  quantified.  The  APFSDS-T  p-ojectile  was  not  tested  because 
the  design  has  not  yet  been  finalized.  It  will  be  tested  in  the  near  future. 


Requirement  (3)  of  the  projectile  specifications  states  that  the  pro¬ 
jectile  maximum  range  shall  not  exceed  8000  meters.  The  actual  range  of  the 
projectile  must  be  shorter  to  accommodate  the  ricochet  fan.  To  evaluate  the 
maximum  range  trajectory  performance  of  the  APTP-T  projectile,  the  aerodynamic 
characteristics  of  the  projectile  must  be  known  over  a  Mach  number  range  from 
0.5  to  ^.5.  Information  required  includes  drag,  pitching  moment,  lift,  pitch 
damping  moment  and  Magnus  moment  coefficients.  Tests  to  evaluate  these 
coefficients  are  reported  herein  as  Section  III;  "Aeroballistic  Character¬ 
istics."  The  basic  aerodynamic  characteristics  of  the  projectile  were 
measured  in  the  ARF.  Data  on  the  traced  projectile  were  obtained  in  the 
Transonic  Range  Facility,  "TRF,"  of  the  U.S.  Army  Ballistic  Re.search 
Laboratory.  Tne  TRF  has  25  ortho.junal  spark  shadowgraph  stations  and  is  a 
larger  facility  capable  of  recording  the  flight  of  artillery  projectiles,  see 
Reference  8.  The  TRF  was  used  for  the  test  because  the  film  plane  in  the  ARF 
is  too  clone  to  the  lire-of-fire  and  traced  ammunition  over  exposes  the  film 
destroying  and  image  of  the  projectile.  The  aerodynamic  coefficients  obtained 
from  these  tests  were  used  to  predict  the  maximum  range  trajectory  for  compai'- 
ison  with  Midi  radar  measurements  performed  at  Ft.  Bliss,  Texas.  Comparisons 
between  the  analytically  predicted  and  experimentally  measured  maximum  range 
trajectories  are  presented  in  Section  III. 
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II.  TRAKSITIONAL  BALLISTICS  AND  JUMP  CHARACTLHISTICS 


1.  TEST  SETUP,  INSTRUMENTATION,  DATA  ACQUISITION  AND  REDUCTION 

The  trar.£iUionel  ballistics  and  jump  tests  test  wer'e  conducted  in  the 
Aerodynamics  Range  Facility  which  consists  of  a  senes  of  30  orthogonal  spark 
shadowgraph  stations.  A  schematic  of  the  setup  is  given  in  Figure  3.  The 
range  coordinate  system  has  its  origin  meter's  in  front  of  the  first 
shadowgraph  station.  The  Z  axis  runs  downrange,  the  Y  axis  is  positive  up  and 
the  X  axis  is  positive  to  the  right  looking  downr'ange.  The  Z  axis  lies  along 
the  lower’  right  corner  the  range  stations.  The  muzzle  of  the  cannon  is 
located  at  Z=-.56  meter.  This  coordinate  system  is  used  to  locate  all  of 
instrumentation  used  in  the  test. 

To  measure  the  effect  of  the  gun  dynamics  on  the  jump,  the  position  and 
angular  orientation  of  tne  muzzle  at  shot  exit  musu  be  recorded.  The  recoil 
of  the  gun  is  measured  by  a  reflective  optical  scanner,  manufactured  by  Skan- 
A-Matic  Corporation.  It  consists  of  an  LEu  light  source  surTOunded  by  a 
detector.  When  reflected  light  is  detected  the  probe  emits  a  5-volt  pulse.  A 
target  of  black  and  white  strips,  0.25^  cm  in  width,  is  placed  on  the  barrel 
near  the  ureecii,  see  Figure  As  the  gun  recoils,  tne  target  moves  under  the 
probe  and  generates  a  series  of  square  pulses.  Each  pulse  represents  0.25*4  cm 
of  recoil  travel.  The  recoil  position  at  shot  exit  can  be  calculated  from  the 
number  o^  pulses  up  to  that  time.  In  Figure  4,  the  Kistler  piezoelectric  gage 
used  to  monitor  the  case  mouth  pressure  can  also  be  seen.  The  case  mouth 
pressure  and  Optical  scanner  output  are  recorded  on  Ninolet  Digital 
Oscilloscopes.  Figure  5  shows  a  typical  plot  of  the  output  from  the  case 
mouth  pressure  gage  and  the  output  of  the  optical  scanner.  Shot  exit  occurs 
at  zero  milliseconds  a..d  the  cannon  has  only  recoiled  0.25  centimeter.  The 
propellant  pressure  starts  to  increase  about  2.25  milliseconds  prior  to  shot 
exit  and  the  cannon  leglns  to  recoil  after  peak  prooellant  gas  pressure 
occurs.  The  data  are  for  the  APDS-T  projectile  fired  at  a  muzzle  velocity  of 

1325  m/3. 

The  horizontal  and  vertic  1  position  of  the  muzzle  are  recorded  using 
model  M6''  radio  frequency  proximity  sensor-^;  manufactured  by  Scientific  .Atlanta 
Incorporated .  Four  probes,  spaced  90  degrees  apart  are  placed  around  the 
outt.-r  circumference  ol  ^he  gun  tube  at  two  axial  stations  near  the  muzzle.  In 
range  coordinate.s ,  eddy  probe  Station  (1)  is  located  at  Z=-0.89  meter  and 
Station  [2)  at  Z'-O.YT  meter.  Figure  6  shows  the  arrangement  of  the  eddy 
probes.  The  output  signal  of  the  devices  is  proportional  to  the  width  of  the 
gap  between  the  probe  and  the  gun.  Data  are  initially  stored  on  magnetic 
disks  by  Nicolet  Digital  Oscilloscopes  and  later  transferred  to  a  VAX  8600 
computer  for  processing.  The  proper  addition  and  subtraction  of  the  voltage 
obtained  from  opposing  probes  permits  the  determination  of  the  transverse  gun 
tube  motion  as  a  function  of  time.  Complete  details  of  the  data  analysis 
procedure  can  be  found  in  Reference  9.  The  linear  range  of  the  gages  used  is 
0.5  to  2.0  millimeters.  By  determining  the  relative  translation  of  the  gun 
tube  at  the  two  closely  spaced  locations,  it  is  possible  to  determine  the 
muzzle  pointing  angle.  Using  the  transverse  linear  velocity  at  Station  {II, 
the  angula’"  velocity  of  the  gun  tube  and  the  distance  from  Station  (1)  to  the 
muzzle,  the  muzzle  crossing  velocity  is  calculated.  Figures  (7a-7b)  are 
typical  plots  of  the  displacement  of  the  cannon  in  the  horizontal  and  vertical 
planes  respectively.  Figures  8a-8b  are  the  corresponding  muzz  e  pointing 
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angle  in  radians.  The  data  are  for  the  APDS-T  projectile  launched  at  a  muazle 
velocity  of  1325  m/s.  The  spikes  in  the  data  just  after  shot  exit  are  due  to 
x-rays  pulsing  as  the  projectile  moves  downrange.  The  muzzle  pointing  angle 
and  crossing  velocity  are  the  jump  contributions  due  to  the  gun  dynamics. 

As  the  projectile  leaves  the  muzzle,  it  enters  the  transitional  ballistic 
phase.  During  this  phase  the  projectile  disengages  from  the  muzzle,  passes 
through  the  reverse  flow  of  the  propellant  gases,  penetrates  through  the 
muzzle  blast  wave  and  discards  its  sabot  and  base.  The  linear  and  angular 
motions  during  this  phase  are  recoraed  by  six  orthogonal  x-ray  stations,  see 
Figure  9.  Each  x-ray  station  consists  of  a  pair  of  Hewlett  Packard  150  KV  x- 
rays.  Soft  x-ray  tubes  were  used  in  the  x-ray  heads  so  that  the  plastic  sabot 
would  be  captured  on  the  x-ray  image.  The  x-ray  image  is  recorded  on  Kodak 
XM8140  film.  The  film  is  loaded  into  two  long  x-ray  cassettes  that  are  fitted 
with  Dupont  Cronex  intensifying  screens.  The  cassettes  are  then  placed  on  the 
horizontal  and  vertical  film  planes,  using  the  plywood  surfaces  shown  in 
Figure  (9).  The  six  x-ray  stations  are  nominailv  located  at  Z  =  -0.53  m, 
--0.28  m,  -0.08  m,  +0.58  m,  1.27  m  and  1.58  m.  The  x-ray  stations  are 
triggered  in  a  delayed  sequence  to  fire  as  the  projectile  arrives  at  each 
station.  Hewlett  Packard  delay  units  are  used  to  set  the  delays  and  Hewlett 
Packard  digital  counters  record  the  ime  of  the  actual  x-ray  firing  pulses. 

The  linear  and  angular  motion  recorded  on  tlie  x-ray  film  must  be  tied 
into  the  ARF  coordinate  system,  A  fiducial  cable  is  used  to  provide  this 
reference  on  the  x-ray  images.  Prior  to  firing,  tne  fiducial  cable  is  hung 
through  the  x-ray  stations  and  uhe  fir-st  group  of  range  stations.  The 
fiducial  cabl^  is  centered  in  the  muzzle,  see  Figure  10,  and  in  a  target 
located  at  c  ange  station  located  at  Z=12.0  meters  ,  see  Figure  11.  A 
boresight  is  used  to  place  the  downrange  target  on  the  line-of-f ire.  Using 
this  technique,  the  cable  is  placed  along  the  line-of-f ire .  A  low  level  x-ray 
of  the  cable  is  taken  prior  to  the  test,  the  cable  is  then  removed  and  a 
second  x-ray  of  the  projectile  is  taken  during  the  test;  thus,  a  double  image 
of  the  cable  ar.d  the  test  projectile  result.  A  simple  data  reductior. 
technique  may  now  be  used  to  extract  the  linear  and  angular  orientation  of  the 
projectile,  as  described  in  Reference  10.  The  magnitude  of  the  errors  using 
this  technique  are  discussed  in  Reference  11.  To  locate  the  muzzle  and  tie 
the  position  of  the  x-ray  stations  into  the  range  coordi  'ate  system,  a  series 
of  beaa.s  are  placed  cn  the  fiducial  cable.  A  bead  is  located  directly  at  the 
intersection  of  the  x-ray  heads  and  the  line-of-f ire  and  another  5.08  cm 
downrange,  .see  Figure  9.  The  two  beads  at  the  x-ray  heads  orovide  range 
coordinate  reference  points  and  local  image  magnification.  The  actual 
distance  between  the  beads  is  known  and  by  measuring  the  distance  between  the 
beads  on  the  x-ray  image,  the  magnification  ratio  is  computed.  Also  one  bead 
is  located  at  each  of  the  first  five  ARF  stations.  These  beads  link  ti,e  cable 
to  the  range  coordinate  system.  The  cable  catenary  and  spatial  orientation 
are  calculated  from  this  data.  All  x-ray  and  range  instrumentation  are  now 
uniquely  defined  in  a  common  coordinate  system. 

After  the  projectile  discards  its  sabot  and  base,  it  enters  free 
flight.  Free  flight  occurs  before  the  last  x-ray  station  and  the  projectile 
is  in  free  flight  as  it  enters  the  ARF.  The  30  orthogonal  spark  shauowgraph 
stations  photograph  the  linear  and  angular  motion  of  the  projectile  over  a 
distance  of  100  meters.  The  ARF  is  controlled  by  a  Hewlett  Packard  HP1000 
computer  system  that  sets  the  delays  for  all  the  range  stations.  Reference  7 
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describes  the  data  reduction  techniques  used  to  determine  the  free  flight 
aerodynamic  characteristics  of  the  projectile.  The  drag,  lift,  static  moment, 
Magnus  moment  and  pitch  damping  moment  coefficients  are  determined  from  the 
flight  data.  At  the  end  of  the  range  tne  projectile  impacts  on  a  100-meter 
target . 

To  provide  a  reference  for  all  the  components  of  the  jump,  the  pre-shot 
line-of-fire  must  be  determined.  A  boresight  is  placed  in  the  muzzle  of  the 
cannon  and  collimated.  The  boresight,  manufactured  by  the  Lenzar  Optics 
Corporation,  did  not  have  external  collimation  adjustments.  Therefore,  the 
boresight  was  collimated  on  the  target,  see  Figure  12.  The  boresight  is 
rotated  in  90  degree  increments  and  the  cross  hair  location  is  recorded  on  the 
target.  The  initial  reading  is  at  90  degrees  with  subsequent  readings  at  l80, 
270  and  finally  zero  degrees;  see  data  points  in  Figure  12.  A  least-squares- 
fit  technique  is  then  applied  to  the  circle  of  four  points  and  the  center  of 
the  circle  is  taken  as  the  actual  aimpcint  of  the  borescope.  The  nominal 
error  in  locating  the  center  of  the  circle  is  0.075  mil.  The  spatial 
orientation  of  the  line-of-fire  in  the  range  coordinate  system  must  now  be 
obtained.  The  borescope  is  not  moved  and  is  left  at  the  zero  degree 
position.  A  series  of  spheres  are  then  placed  on  the  line-of-fire  by  sighting 
them  into  position  using  the  borescope,  see  Figure  13.  Five  spheres  are  used, 
nominally  located  at  Z=  ^.5,  7.6,  9.2,  10.7  and  12.2  meters.  These  positions 
correspond  to  range  stations  and  the  sphere  locations  are  recorded  on  film.  A 
straight-line  fit  through  the  coordinates  of  the  muzzle  and  the  five  spheres 
(corrected  to  the  borescope  aimpoint)  provides  the  static  line-of-fire. 

The  preceding  paragraphs  have  described  how  the  instrumentation  is  tied 
together  in  the  range  coordinate  system.  A  common-time  base  is  also  needed. 
A  piezoelectric  gage  is  located  at  the  muzzle  of  the  cannon,  see  Figure  6. 
When  the  gun  is  fired,  the  gage  senses  the  pressure  due  to  the  propellant 
blast  wave;  thus,  the  blast  wave  pressure  pulse  triggers  all  the  instrumenta¬ 
tion.  Again,  Nicolet  Digital  Oscilloscopes  are  used  to  record  the  signal. 
The  pressure  gage  is  a  finite  distance  from  the  muzzle  and  it  takes  the  blast 
wave  a  small  amount  of  time  to  arrive  at  the  gage;  therefore,  the  projectile 
travels  downrange  and  the  gun  recoils  before  the  wave  is  sensed  by  the  gage. 
Trigger  time  zero  is  corrected  to  account  for  this  delay. 

Twelve  rounds  were  made  available  to  perform  the  jump  tests,  six  each 
APDS-T  and  APTP-T  projectiles.  Of  the  six  APDS-T  projectiles,  four  were  used 
to  calibrate  the  triggering  system.  One  of  the  APD3-T  projectiles  was 
launched  at  a  very  low  yaw  level  and  the  quality  of  the  aeroballistlc  results 
from  the  ARF  and  the  x-rays  is  in  questionable.  This  is  because  the  root  mean 
square  error  in  the  data  fit  is  as  large  as  the  measured  data.  One  good  APDS- 
T  data  round  was  successfully  launched.  Two  of  the  APTP-T  rounds  failed  to 
trigger  the  stations  in  the  ARF.  Good  data  were  obtained  on  the  other  four 
APTP-T  projectiles.  Two  of  the  four  were  launched  with  different  charges  to 
obtain  drag  data  without  a  tracer.  The  final  two  were  launched  at  approxi¬ 
mately  the  design  velocity  for  a  ballistic  match  to  the  APDS-T. 

2.  ANALYSIS  OF  THE  DATA 

As  previously  stated,  the  gun  dynamics  contribute  to  the  Jump  of  the 
projectile  off  the  pre-shot  line-of-fire.  The  gun  tube  is  mounted  in  a  recoil 
system,  (in  this  case  a  laboratory  recoil  system),  and  the  center  of  mass  of 
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the  recoiling  parts  is  not  necessarily  on  the  recoil  axis.  The  gun  is  forced 
to  recoil  by  the  breech  pressure  exerted  by  the  propellant  gases.  This  force 
is  generally  on  the  recoil  axis;  therefore,  the  gun  exhibits  translation  and 
rigid  body  motion  within  the  constraints  of  its  mountir.-  The  gun  tube  is 
also  a  long  flexible  member  that  bends  in  response  to  tne  forcing  functions 
provided  by  the  pressure  on  the  breech  and  the  projectile  interacting  with  the 
bore  as  the  projectile  is  accelerated.  The  combination  of  these  forces  causes 
the  muzzle  to  have  a  different  linear  and  angular  position,  as  well  as  a 
velocity  at  the  instant  of  shot  exit.  The  important  contributions  to  jump 
come  from  the  angular  position  of  the  gun  and  the  transverse  velocity  of  the 
muzzle  that  is  imposed  on  the  exiting  projectile.  Figure  7a  gives  the 
displacement  of  the  barrel  at  Stations  (1)  and  (2)  respectively.  Station  (2) 
is  located  closest  to  the  muzzle.  At  shot  exit  the  displacement  at  Station 
(i)  is  further  to  the  left  than  at  Station  (2);  therefore,  the  gun  is  pointing 
to  the  right  as  indicated  in  Figure  8a.  Figure  7b  describes  the  motion  of  the 
gun  in  the  ve'’'.ical  plane.  The  gun  displacement  at  Station  (i)  is  higher  than 
at  Station  (2i  so  the  gun  points  down  at  shot  exit.  Figure  8b. 

The  data  described  above  are  for  the  APDS-T  projectile  but  is  indicative 
of  the  data  for  all  the  rounds  fired,  see  Figures  14a,  14b  and  l4c.  The  data 
in  Figure  (i4a)  compares  the  vertical  muzzle  pointing  angle  for  four  different 
rounds  at  different  conditions.  Qualitatively,  the  dynamic  motion  of  the 
cannon  appears  to  be  the  same.  The  difference  in  amplitude  of  the  negative 
peak  near  shot  exit  can  be  related  to  the  impulse  delivered  to  the  cannon 
prior  to  shot  exit.  Equation  (1)  provides  an  estimate  for  the  impulse  given 
to  the  cannon  prior  to  shot  exit. 
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In  the  equation,  M  is  the  mass  of  the  projectile,  C  is  the  propellant  mass  and 
V  is  thi  muzzle  velocity.  The  APDS-T  projectile  delivers  an  impulse  of  244 
kg-m/s.  The  two  APTP-T  projectiles  fired  at  1500  m/s  have  the  second  highest 
impulse:  216  kg-m/s;  and  the  slow  APTP-T  projectile  the  lowest;  203  kg-m/s. 
It  i j  believed  that  the  dominant  forcing  function  causing  cannon  motion  in  the 
vertical  plane  is  the  breech  pressure  which  when  integrated  in  time  is  the 
impulse  as  defined  by  Equation  (1).  The  center  of  mass  of  the  recoiling  parts 
is  below  the  boreline  of  the  cannon,  thu.s,  allowing  for  rigid  body  rotation  of 
the  cannon  about  the  mass  center  within  the  constraints  of  the  mounting.  The 
cannon  used  is  a  stiff  Mann  barrel,  so  very  little  of  the  angular  motion  of 
the  gun  in  the  ve'^tical  plane  is  due  to  dynamic  tube  bending.  Figure  (14b)  is 
an  expanded  view  of  the  motion  near  shot  exit.  Shot  exit  is  marked  by  the  x 
on  each  curve.  Each  round  exits  at  a  different  cannon  pointing  angle  and 
cannon  angular-  velocity.  The  vertical  gun  dynamics  of  the  two  fastest  APTP-T 
projectiles  appears  very  similar. 

The  correlation  with  impulse  found  for  the  angular  motion  In  the  vertical 
plane  does  not  appear  to  hold  for  the  motion  in  the  horizontal  plane,  see 
Figure  1 4c .  Again,  the  angular  motion  of  the  cannon  is  similar  for  the 
different  projectiles  fired.  All  of  the  forces  driving  the  gun  motion  in  the 
horizontal  lie  in  the  symmetry  plane  of  the  recoiling  parts.  One  dominant 
focce  cannot  be  identified,  so  it  appears  that  the  gun  motion  is  a  sum  of  the 
pressure  force  on  the  breech  and  the  projectile/bore  interaction  forces.  One 
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final  note  on  the  horizontal  motion;  the  initial  slope  of  the  motion  is  non¬ 
zero.  This  cannon  is  fired  by  pulling  a  lanyard  and  the  offset  in  initial 
angle  and  angular  rate  is  a  response  to  t,he  lanyar’d  force.  The  cannon  is  not 
as  constrained  by  the  recoil  system  in  the  horizontal  as  it  is  in  the  veri.icai 
plane,  so  it  is  free  to  move  in  response  to  the  laniard  force.  To  determine 
whether  the  lanyard  pull  had  clouded  any  correlation  in  the  data,  the  effects 
of  the  lanyard  pull  were  removed,  see  Figure  15.  Tne  angle  and  angular  rate 
of  the  cannon  Just  prior  to  shot  start  was  extracted  from  u’ne  da^.a;  buo,  as 
before,  the  data  in  Figure  15  indicate  the  same  trends  as  that  in  Figure  1 Ua 
and  no  correlation  to  the  impulse  delivered  to  the  breech  is  obvious. 

The  previous  paragraphs  have  described  how  the  gun  motion  causes  the 
projectile  to  jump  off  the  static  pre-shot  line-of-f ire.  The  jump  due  to  the 
gun  motion  is  a  sum  of  the  dynamic  gun  pointing  angle  and  the  angle  caused  by 
the  muzzle  crossing  velocity.  This  angle  is  simply  the  arc  tangent  of  the 
linear  muzzle  crossing  velocity  divided  by'  the  projectile  muzz±e  velocii^y. 
The  inbore  motion  of  the  projectile  relative  to  the  cannon  further  contributes 
to  the  jump.  The  Interactions  between  the  projectile  and  the  cannon  bore 
during  acceleration  cause  the  projectile  to  have  linear  and  angular  rates  at 
the  muzzle  that  are  different  from  those  due  to  the  gun  motion  alone.  The 
disengagement  of  the  projectile  from  the  muzzle  also  alters  the  motion,  as 
does  the  reverse  flow  of  the  high  pressure  propellant  gas  passing  over  the 
projectile  base  within  the  muzzle  blast.  Finally,  asymmetrically  discarding 
sabot  components  could  further  disturb  the  trajectory  of  the  projectile. 

Orthogonal  x-rays  are  used  to  record  the  linear  and  angular  rates  of  the 
projectile  at  muzzle  exit  as  well  as  the  disturbances  due  to  the  discarding 
sabot.  Figures  l6a-f  are  horizontal  views  of  the  APTP-T  projectile,  V»1432 
m/s,  at  the  six  x-ray  stations.  At  Station  (1)  the  muzzle  and  the  projectile 
are  visible  and  the  plastic  sabot  is  just  beginning  to  separate.  The 
projectile  has  no  discernible  horizontal  yaw.  The  plastic  sabot  is  completely 
separated  by  Station  (2)  but  the  aluminum  base  is  still  engaged.  By  Station 
(3)  the  base  is  starting  to  separate  and  the  projectile  is  beginning  to  yaw. 
The  projectile  is  yawing  and  completely  separateu  from  its  launch  package  at 
Station  (^).  At  this  point  the  projectile  is  entering  frae  flight  and  the 
transitional  ballistic  disturoances  are  over.  At  Stations  (5)  and  (6)  free 
flight  aerodynamic  forces  continue  to  increase  the  projectile  yaw.  The 
transitional  ballistics  of  all  the  projectiles  is  qualitatively  similar;  the 
sabot  discard  is  over  approximately  0.5  to  0.6  meter  downrange  of  the  muzzle. 

A  quantitative  analysis  of  the  transitional  ballistics  is  obtained  by 
examining  the  motion  of  the  projectile  extracted  from  the  x-ray  images. 
Figures  17a  and  17b  are  plots  of  the  center  of  gravity,  "CG,"  motion  of  the 
APTP-T  projectile  fired  at  V=1500  m/s.  The  projectile  CG  leaves  the  muzzle 
moving  to  the  left  and  up  from  the  pre-shot  static  line-of-f ire.  There  are  no 
distinctive  changes  in  the  linear  CG  motion  in  either  plane,  thus  suggesting 
that  this  type  of  round  experiences  very  little,  if  any,  sabot  discard 
disturbances.  This  is  also  reflected  in  the  angular  motion  of  the  projectile 
during  the  transitional  ballistic  phase,  see  Figures  l8a-d.  The  first  figure 
observed  gives  the  total  yaw  as  well  as  the  total  yaw  behavior  calculated 
based  on  the  measured  angular  rate  at  the  muzzle.  For  reference,  the  fit  of 
the  free  flight  total  yaw  data  measured  in  the  ARF  is  also  included.  It  is 
labeled  "AR  EXTRAPOLATION."  The  free  flight  aerodynamic  behavior  of  the 
projectile  measured  in  the  ARF  is  reduced  to  aerodynamic  coefficients 
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describing  the  free  flignt  characteristics  of  the  projectile.  These  aero¬ 
dynamic  coefficients  were  used  to  compute  the  total  yaw  curve  labeled  "MUZZLE 
PREDICTION."  It  is  obvious  that  the  total  yaw  based  on  the  muzzle  angular 
rates  and  that  in  tree  flight  are  almost  the  same.  This  leads  to  the 
conclusion  that  the  sabot  discard  does  not  significantly  disturb  the  flight  of 
this  projectile.  This  is  in  contrast  to  sabot  discard  disturbances  observed 
for  long-rod-kinet ic-eaergy  penetrators.  Reference  12,  where  a  distinct  change 
in  the  angular  rate  of  the  projectile  is  evident  subsequent  to  the  mechanical 
disengagement  of  the  sabot.  Figures  l8b,  l8c,  and  1 8d  are  plots  of  the  com¬ 
ponents  of  yaw  measured  and  the  two  predictions.  No  transitional  ballistic 
disturbances  are  seen  in  either  yaw  plane.  All  of  the  other  projectiles  which 
were  fired  exhibit  similar  transitional  ballistic  characteristics.  The  net 
transitional  ballistic  effect  on  the  jump  for  this  class  of  projectiles  is  the 
jump  of  the  CG  trajectory  off  the  dynamic  line-of-fire  defined  by  the  gun 
dynamics.  This  contribution  to  the  jump  appears  to  be  caused  by  inbore 
disturbances,  disengagement  disturbances,  muzzle  blast  loads  and  maybe  some 
m.inor  sabot  separation  disturbances. 

The  ARF  was  used  to  measure  the  linear  and  angular  behavior  of  the 
projectile  in  free  flight  during  the  100  meter  flight  to  the  target.  From  the 
free  flight  measurements,  the  final  contribution  to  the  jump  was  obtained. 
The  aerodynamic  jump  is  the  deviation  of  the  mean  CG  trajectory  from  the 
initial  CG  velocity  vector  due  to  aerodynamic  forces  alone.  The  asymptotic 
theory  of  Reference  7  gives  an  equation  for  the  aerodynamic  jump  in  terms  of 
the  physical  and  aerodynamic  characteristics  of  the  projectile.  This  equation 
is  only  valid  as  downrange  distance,  in  projectile  calibers,  approaches 
infinity.  The  target  distance  is  too  shoi-t  to  compute  the  aerodynamic  jump 
from  the  asymptotic  theory.  The  value  of  the  aerodynamic  jump  in  the  range  is 
still  tainted  by  the  swerve  of  the  projectile.  The  initial  direction  of  tne 
velocity  vector  of  the  CG  is  determined  from  the  x-ray  data,  so  the  aero¬ 
dynamic  jump  could  be  extracted  from  the  CG  trajectory  in  the  ARF.  Figures 
19a  and  19b  are  the  horizontal  and  vertical  CG  motion  measured  in  the  range 
for  the  APTP-T  projectile  fired  at  V=1500  m/s.  The  solid  line  is  the  non¬ 
linear  least  squares  fit  of  the  data  used  to  determine  the  lift  coefficient. 
The  effects  of  gravity  are  removed  from  the  vertical  trajectory  and  the  data 
corrected  for  the  absolute  angle  of  the  initial  CG  velocity  vector  and  divided 
by  the  downrange  distance  to  yield  the  aerodynamic  ju.mp  in  the  range,  see 
Figures  20  and  21.  The  aerodynamic  Jump  has  almost  settled  down  to  the 
asymptotic  value.  The  actual  jump  of  the  projectile  impact  was  recorded  on 
the  100  meter  target.  The  g-^avity  drop  of  the  projectile  can  easily  be 
computed  from  the  time-of-f 1 ight  measured  in  the  ARF. 

3.  DISCUSSION  OF  THE  RESULTS 

The  jump  data  can  be  summarized  by  plotting  the  vector  components  of  the 
jump  measured  by  the  various  techniques  and  comparing  them  to  the  impact  of 
the  projectile  on  the  target.  Consider  Figure  22;  the  vector  diagram  of  the 
jump  of  the  APDS-T  projectile.  The  origin  of  the  coordinates  is  the  image  of 
the  pre-shot  static  line-of-fire  on  the  target.  The  solid  circle  is  the 
projectile  impact  point.  The  first  component  of  the  jump  vector  is  the  nuzzle 
pointing  angle;  the  second  is  angular  deviation  due  to  the  muzzle  crossing 
velocity;  the  third  is  the  jump  due  to  inbore  disturbances,  disengagement 
disturbances,  muzzle  blast  disturbances  and  sabot  discard  disturbances;  the 
fourth  is  the  aerodynamic  jump;  and  the  final  vector  is  the  gravity  drop.  The 
projectile  has  jtimped  approximately  0.5  mil  down  and  0.35  mil  to  the  right  of 
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its  intended  aimpoint  due  to  causes  other  than  gravity.  This  is  a  net  radial 
Jurap  of  approximately  0.6  mil  that  will  remain  with  the  projectile  throughout 
its  entire  flight. 

Tne  Jump  of  th,.  two  APTP-T  projectiles  launched  at  V=1500  m^s  is  given  in 
Figure  23.  It  is  interesting  to  note  that  both  p-^ojectiles  arrived  at  the 
target  by  almost  the  identical  trajectory.  Tiie  gun  was  pointing  down  and  to 
the  right,  the  muzzle  crossing  velocity  is  up  and  to  the  left,  the  CG  jump  off 
the  muzzle  is  up  and  to  the  left  and  the  aerodynamic  jump  is  up  and  to  the 
right.  The  aerodynamic  Jump  nearly  compensates  for  the  other  horizontal  jump 
components  and  the  gravity  drop  making  the  net  Jump  small  for  this  pro¬ 
jectile.  These  are  only  a  sample  of  two  firings,  but  it  indicates  that  a 
projectile  fired  from  the  same  gun  tube  at  the  same  conditions  has  repeatable 
launch  disturbance.  The  inbore  disturbances  to  the  projectile  must  be  suf¬ 
ficiently  similar  that  the  CG  trajectory  off  tne  muzzle  is  nearly  identical. 
The  angular  initial  conditions  are  also  almost  identical;  which  is  demonstra¬ 
ted  by  the  similarity  in  aerodynamic  jump.  Further  tests  on  a  better 
statistical  sample  are  needed  to  confirm  this  behavior.  The  jumps  of  the 
APDS-T  projectile  and  the  APTP-T  projectiles  are  different.  The  net  jump  of 
the  APDS-T  projectile  takes  the  projectile  down  and  to  the  right  on  the  target 
and  the  APTP-T  projectiles  jump  slightly  up  and  to  the  right.  There  is  a  one- 
milliradi.an  difference  in  the  fall  of  shot.  The  center  of  impact  ballistic 
match  requirement  is  not  satisfied  at  100  meters.  The  majority  of  the 
separation  is  in  the  vertical  plane.  The  gravity  drop  at  1000  meters  of  the 
APTP-T  is  2.665  milliradians  and  of  the  APDS-T  is  2.965  milliradians.  The  on 
target  separation  of  the  projectiles  will,  therefore,  only  increase  at  1000 
meters , 

To  satisfy  Requirement  (2),  it  is  necessary  to  minimize  the  projectile 
jump.  The  jump  due  to  gun  dynamics  is  greater  for  the  APDS-T  projectile  than 
it  is  for  the  APTP-T  projectiles.  These  projectiles  were  fir'ed  from  a  Mann 
barrel  in  a  laboratory  recoil  system  and  it  cannot  be  assumed  that  the  trend 
will  remain  the  same  in  the  service  cannun.  Tests  should  be  performed  to 
determine  the  gun  dynamics  of  the  service  cannon.  The  linear  and  angular 
rates  with  which  the  projectile  leaves  the  muzzle  determine  the  level  of  the 
CG  jump  and  the  aerodynamic  jump.  Every  attempt  should  be  made  to  minimize 
these  rates.  These  rates  are  controlled  by  the  inbore  disturbances.  The  bore 
straightness  of  the  cannon  probably  plays  a  role  as  well  as  the  flexural 
stiffness  of  the  p^•ojectile  sabot  in  determining  the  level  of  inbore 
disturbances  imparted  to  the  projectile.  Reference  [12]  found  that  the 
angular  rate  of  sabot-launched-long-rod  projectiles  could  be  minimized  by 
stiffening  the  front  sabot  borerider.  The  front  sabot  borerider  of  both  the 
APTP-T  and  APDS-T  projectiles  is  plastic  and,  therefore,  quite  flexible. 
Changes  in  the  design  and  stiffness  of  the  borerider  will  influence  the 
dynamic  state  of  tne  projectile  at  the  muzzle  and  may  reduce  the  launch  rates. 


III.  AEROBALLISTIC  CHARACTERISTICS 
1 .  DESCRIPTION  OF  THE  TESTS 

The  jump  character istics  of  the  APTP-T  projectile  were  not  known  a 
priori,  so  it  was  designed  to  match  the  point  mass  trajectory  of  the  APDS-T 
projectile  to  the  target  range  of  2000  meters  and  remain  within  the  1 
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milliradian  limits.  Comparing  the  projectile  characteristics  of  the  APDS-T, 
Figure  1,  and  the  APTP-T,  Figure  2,  it  is  evident  that  the  APTP-T  has  a  lower 
ballistic  coefficient,  is  larger  in  diameter,  has  a  conical  nose  rather  than 
an  ogival  nose  and  is  launched  at  a  higher  muzzle  velocity.  The  iiigher  muzzle 
velocity  xs  not  adequate  to  achieve  a  ballistic  match  to  the  APDS-T  projec¬ 
tile.  The  tracer  in  the  APDS-T  projectile  is  only  there  to  make  it  visible  to 
the  gunner.  The  tracer  in  the  APTP-T  serves  two  purposes;  first,  to  provide 
visible  light  and  second,  to  reduce  the  base  drag  of  the  projectile  suffi¬ 
ciently,  so  that  a  point  mass  trajectory  match  is  possible  out  to  2000 
meters.  The  primary  objective  of  the  aeroball istic  tests  was  to  assess  the 
base  drag  reduction  capabilities  of  the  tracer.  This  would  define  the  bal¬ 
listic  match  trajectory  out  to  2000  meters  and  provide  a  drag  versus  Mach 
number  history  to  predict  the  projectile  maximum  range. 

Three  independent  tests  were  performed,  two  of  the  tests  were  performed 
at  BRL  and  a  radar  tracking  test  was  conducted  at  Ft.  Bliss,  Texas.  One  test, 
at  the  ARF,  measured  the  untraced  drag  and  the  other  aerodynamic  character¬ 
istics  of  the  projectile;  and  the  second,  at  the  TRF,  measured  the  traced  drag 
of  the  projectile.  Aeroballistic  measurements  on  the  untraced  aeroballistic 
character istics  of  the  projectile  were  also  available  from  the  transitional 
ballistic  test.  The  final  test  was  conducted  at  the  Ft.  Bliss  r-ange  facil¬ 
ity.  The  projectiles  were  tracked  with  a  point-position  Midi  radar.  The  data 
from  this  series  of  firings  provided  a  complete  drag  verses  Mach  number  his¬ 
tory  for  the  projectile  as  well  as  actual  maximum  range  data. 

The  aeroballistic  test  of  the  unti  aced  APTP-T  was  performed  on  a 
monolithic  steel  version  of  the  APTP-T,  Figure  2A,  designen  by  engineers  at 
the  Close  Combat  Armament  Centei',  Combat  Vehicle  Ammunition  Team,  Picatinny 
Arsenal,  Dover,  New  Jersey.  It  is  similar  to  the  projectile,  Figure  (2),  used 
for  all  the  other  tests,  which  was  designed  by  Ford  Aerospace  and 
Communications  Corporation,  Newport  Beach,  California. 

The  ARF  and  the  TRP  are  described  in  the  previous  sections  of  the 
report.  The  data  reduction  techniques  for  obtaining  aeroballistic  information 
from  these  facilities  are  discussed  in  Reference  7.  An  example  of  the  data 
acquired  in  the  ARF  is  given  in  Figures  19a,  I9b,  25a  and  25b.  The  data  are 
for  the  APTP-T  projectile,  untraced,  launched  at  a  muzzle  velocity  of  1500 
m/s.  Figures  19a  and  1 9b  are  the  measured  CG  motion  of  t.h.  projectile  and  the 
fit  of  the  data  in  the  horizontal  and  vertical  planes,  respectively.  The 
total  yaw  and  the  yaw  components  with  the  corresponding  data  fits  are  given  in 
Figures  25a  and  25b. 

2.  ANALYSIS  Or  THE  DATA 

Range  measurements  were  concentrated  at  supersonic  Mach  numbers  between 
3.5  and  ^.5  because  this  is  the  expected  flight  regime  out  to  2000  meters. 
Some  data  were  acquired  at  moderate  supersonic  Mach  numbers  around  Mach  2.0; 
and  the  rest  were  taken  at  transonic  Mach  numbers.  A  limited  number  of  pro¬ 
jectiles  were  available  for  these  tests;  therefore,  the  data  from  the  range 
firings  is  sparse  at  Mach  numbers  below  3.5. 

The  drag  results  from  all  of  the  tests  ar-e  summarized  in  Figure  26.  The 
drag  coefficient  of  the  untraced  projectiles  agrees  well  with  the  drag  pre¬ 
diction  of  Reference  13,  except  at  Mach  1.15.  The  drag  coefficient  of  the 
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traced  projectiles  measured  by  the  radar  tests  and  the  ra!ige  tests  also 
compare  favorably.  In  the  transonic  regime,  the  prediction  from  Reference  13 
is  close  to  the  drag  measu'’ed  by  the  radar.  The  drag  data  me.asured  in  the 
ranges  have  been  corrected  to  reflect  the  drag  at  ".ero  yaw.  This  is  of  course 
not  true  of  the  radar  drag  data.  The  dashed  line  in  Figure  26  is  the 
predicted  drag  of  the  projectile  if  the  base  drag  were  zero.  Using  this 
prediction  as  a  reference,  the  tracer  base  bleed  effect  reduces  the  base  drag 
of  this  projectile  by  approximately  60  to  70  percent  at  Mach  ii.O.  This  is  a 
reduction  in  total  drag  of  25  percent.  Using  the  drag  data,  point  mass 
trajectory  predictions  of  the  trajectory  to  the  target  wore  made,  see  Figure 
21.  For  reference,  the  trajectory  of  the  APD5-T  projectile  is  included  in  the 
figure;  as  are  the  1  miliiradian  bounds  requi*'ed  by  the  ballistic  match 
criteria.  The  maximum  mi.smatch  in  the  trajectories  is  only  0.30  milliradians 
at  1000  meters.  As  was  pointed  out  in  the  previous  section  of  the  report  this 
is  the  difference  due  to  gravity  effects  without  accounting  for  the  effects  of 
projectile  jump. 

The  radar  data  obtained  at  Ft.  Bliss.  Texas  provided  maximum  range  data 
on  the  projectile.  However,  the  data  indicated  that  the  maximum  range  was 
significantly  less  than  expected.  Ft.  Bliss  is  located  1250  meters  above  sea 
level  and  the  firings  took  place  on  a  day  when  the  ambient  temperature  was 
32.2  degrees  centigrade.  The  projectiles  were  temperatu-^e  conditioned  to  63 
degrees  centigrade,  which  resulted  In  a  muzzle  velocity  of  1590  m/s.  The  data 
presented  here  are  for  a  gun  quadrant  elevation  of  32.5  degrees.  The  tra¬ 
jectory  measured  by  the  radar.  Figure  28a,  is  very  different  from  the  point 
mass  trajectory  prediction.  The  point-massytrajectory  prediction  used  a  drag 
ver-sus  Mach  number  history  based  on  McDrag'^  and  the  known  ARF  and  TRF  drag 
data,  see  Figure  28b,  Clearly  the  maximum  range  measured  by  the  radar  is 
significantly  shorter  than  that  of  the  prediction.  The  key  to  this  anomaly 
can  be  found  in  the  other  aeroball istic  character istics  of  the  projectiles. 
Figures  29a-d  present  the  Mach  number  variations  of  the  static  moment,  lift, 
pitch  damping  moment  and  Magnus  moment.  The  data  have  not  been  corrected  for 
the  effects  of  yaw  and  the  solid  lines  are  faired  curves  that  show  the 
expected  Mach  number  variation  where  no  data  are  available.  The  faired  curves 
are  labeled  "EST.  CHARACTERISTICS."  The  key  feature  in  Figure  29c  is  the 
change  in  the  sign  of  the  pitch  damping  moment  between  supersonic  flight  and 
subsonic  flight.  This  change  is  characteristic  of  cone  cylinder  projectiles. 
Reference  7,  and  causes  dynamic  instability  at  subsonic  Mach  numbers.  The 
Magnus  moment  also  may  cause  stability  problems  in  the  subsonic  regime,  since 
it  changes  from  a  value  near  zero  to  a  negative  value. 

A  significant  portion  of  the  projectile  flight  is  at  subsonic  Mach 
numbers  and  as  the  radar  data  Indicate,  the  trajectory  is  affected  by  the 
flight  dynamics.  A  slx-degree-of-freedom,  6D0F,  analysis  of  the  trajectory 
was  performed.  The  aerodynamic  model  for  the  6D0F  used  the  drag  coefficient 
variation  measured  by  the  Midi  radar  with  a  constant  subsonic  drag  coefficient 
of  0.2H,  together  with  the  static  moment,  lift,  pitch  damping  moment  and 
Magnus  moment  variations  pr-esented  in  Figure  29  and  a  computed  roll  damping 
coefficient,  see  Figure  30.  The  roll  damping  coefficient  was  computed  by  the 
methods  of  Reference  13.  A  good  first  approximation  for  the  yaw  drag 
coefficient  is  the  lift  coefficient.  Therefore,  the  model  also  used  the  lift 
coefficient  variation  in  Figure  29b  as  input  for  the  yaw  drag  coefficient. 
The  6D0F  results  presented  are  for  the  test  conditions  at  FT,  Bliss,  see 
Figures  31a-e.  The  6D0F  prediction  of  height  versus  range  is  closer  to  the 
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actual  radar  data,  see  Figure  3Ta,  The  data  indicate  that  the  projectile  flew 
at  a  lower  velocity  than  that  predicted  by  the  6D0F  model  along  most  of  the 
trajectory,  see  Figure  31b.  Tne  initial  yaw  of  the  projectile  for  which  the 
radar  data  were  acquired  is  not  known.  The  initial  yaw  used  in  the  6DU1  model 
was  3.5  degrees  and  if  the  initial  yaw  of  the  projectile  was  higher  during  the 
radar  test  the  velocity  along  the  trajectory  could  shift  as  shown  in  the 
plot.  From  Figure  31c,  a  plot  of  dynamic  stability  factor  versus  range  shows 
that  the  projectile  loses  its  stability  at  UOOO  meters.  This  range  cor¬ 
responds  to  a  flight  Mach  number  equal  to  one.  The  projectile  remains 
unstable  for  almost  2000  meters,  restabilizes,  finally  completely  loses  all 
stability  and  tumbles.  During  the  period  of  dynamic  instability  the  yaw 
grows.  Figure  3ld,  and  the  projectile  decelerates  rapidly  resulting  in  a 
radical  ir.crease  in  gyroscopic  stability,  see  Figure  31b.  The  increase  in 
gyroscopic  stability  causes  the  projectile  to  become  dynamically  stable  for  a 
short  period  just  before  it  begins  to  de-stabi  1  i ze  for  the  final  time.  Both 
the  radar  data  and  the  6D0F  analysis  predict  the  round  begins  to  tumble  just 
after  the  peak  in  the  trajectory.  At  that  altitude  it  is  impossible  for  the 
radar  to  lose  track  of  the  projectile.  Rapid  changes  in  the  projectile 
deceleration  along  the  trajectory  were  observed.  The  rapid  changes  in  the 
deceleration  are  attributed  to  the  rapidly  changing  radar  cross  section  of  the 
tumbling  round.  The  radar  data  indicate  that  the  projectile  tumbles  earlier 
than  predicted  by  the  6D0F  analysis,  see  Figure  32.  Figure  32  is  a  plot  of 
total  drag  at  subsonic  Mach  numbers.  'Jncontrolled  oscillations  in  the  drag, 
measured  by  the  radar,  occur  at  Mach  0.4  whereas  these  oscillations  are  first 
predicted  to  occur  at  Mach  0.18  by  the  6D0F  analysis.  Low  level  oscillations 
in  the  drag  are  already  observed  at  Mach  0.9  in  the  data  and  no  such  behavior 
is  oomputed  by  the  6D0F  model.  The  linear  aerodynamic  model  used  in  the  6D0F 
calculations  is  not  adequate  to  accurately  describe  the  motion  of  the  projec¬ 
tile  at  subsonic  Mach  numbers.  The  6D0F  results,  do  however,  qualitatively 
describe  the  nature  of  the  mechanism  that  reduces  the  maximum  range  of  this 
projectile. 

Since  the  radar  could  not  track  the  round  accurately  all  the  way  to  the 
ground  plane  and  the  6D0F  analysis  was  also  unable  to  compute  the  trajectory 
to  the  ground  plane,  an  alternate  method  of  estimating  the  final  leg  of  the 
trajectory  was  needed.  Reference  14  presents  drag  data  at  subsonic  Mach 
numbers  for  tumbling  projectiles  of  various  shapes,  A  drag  coefficient  of 
2.93  was  estimated  for  the  APTP-T  projectile.  A  point  mass  trajectory 
prediction  for  the  tumbling  APTP-T  projectile  was  extrapolated  to  the  ground 
plane  for  both  the  radar  data  and  the  6D0F  analysis,  see  Figure  33-  The 
ground  plane  at  Ft.  Bliss  is  at  1250  meters  altitude  and  both  the  extrapo¬ 
lation  of  the  data  and  the  6D0F  trajectories  by  this  technique  indicate  the 
projectile  impacts  at  approximately  7000  meters.  This  range  is  well  below  the 
maximum  range  limit  of  8000  meters. 

3.  DISCUSSION  OF  THE  RESULTS 

The  radar  data  show  that  all  the  projectiles  fired  at  Ft.  Dliss  de¬ 
stabilize  and  begin  to  tumble  within  a  Mach  number  range  of  0.55  to  0.35,  The 
6D0F  prediction  gives  a  good  qualitative  understanding  of  the  de-stabilization 
phenomenon  but  does  not  accurately  predict  the  trajectory  peak  or  the  exact 
de-stabilization  point,  see  Figures  32  and  33*  The  maximum  range  extrapolated 
from  the  data  and  the  6D0F  results  compare  favorably.  Further  tests  are 
needed  to  determine  the  precise  linear  and  nOii-linear  behavior  of  this 
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projectile  at  subsonic  Macb  numbers.  Data  should  also  be  acquired  at 

supersonic  Mach  numbers  between  l.b  and  3.b.  The  6  DOF  trajectories  are 

difficult  to  set  up  and  time  consuming  to  run;  therefore,  an  interim 
prediction  technique  for  the  maximum  range  is  required.  A  point  mass 
trajectory  based  on  the  drag  versus  Mach  numbei-  iiisto-’\  in  Figure  3'*  will 

predict  the  range  to  within  five  percent,  sec  Figure  33.  Between  Macii  0.55 
and  0.35  the  drag  coefficient  is  increased  linearly  to  the  tumbling  round  d-’ag 
coefficient  of  2.93.  The  high  altitude  at  Ft.  Bliss,  the  hot  ambient 
temperature  and  the  hot  round  muzzle  velocity  of  1590  m/s  are  an  extreme  case 
and  will  result  in  a  long  maximum  range.  The  aerodynamic  char'acter istics  of 
this  projectile  insure  that  it  can  never  exceed  the  maximum  range  limit 
specified.  Most  of  the  training  will,  however,  occur  at  sea  level;  so  for 

informational  purposes  three  sea  level  trajectories  are  predicted  using  the 
interim  point  mass  technique  and  are  presented  in  Figure  3b.  The  first 
trajectory  is  at  standard  sea  level  conditions  and  the  muzzle  velocity 
required  for  a  ballistic  match  of  1500  m/s.  The  second  is  for  standard  sea 
level  conditions  and  a  hot  projectile  fired  at  V  =  1590  m/s.  The  final 
trajectory  is  the  extreme  case  of  a  hot  day  and  a  hot  projectile.  The  maximum 
sea  level  range  for  this  projectile  is  5890  meters. 


IV.  SUMMARY 

A  complete  analysis  of  the  factors  affecting  the  ballistic  match  of  the 
APTP-T  training  projectile  to  the  AFDS-T  service  projectile  has  been  pre¬ 
sented.  Point  mass  calculations  indicate  that  the  APTP-T  projectile  will 
deviate  a  maximum  of  0.30  miiiiradian  from  the  trajeuLory  of  tlic  APDG-T  pro¬ 
jectile  due  to  gravity  forces.  The  center  of  impact  specification  requires 
that  the  center  of  impact  of  the  projectiles  differ  by  no  more  than  1.0  miiii¬ 
radian.  This  means  that  there  is  a  0.70  miiiiradian  margin  for  projectile 
jump  effects.  The  impact  difference  due  to  projectile  jump  measured  by  the 
present  tests  Is  on  the  order  of  1.0  miiiiradian.  Obviously,  the  center  of 
impact  criteria  is  not  met  by  the  present  APTP-T  projectile.  The  projectiles 
tested  were  prototype  configurations  and  it  may  be  possible  to  reduce  the  jump 
effect. 

The  results  of  the  Jump  tests  should  be  considered  in  the  proper 
context.  The  projectiles  were  launched  from  a  Mann  barrel  and  a  laboratory 
recoil  system,  therefore,  the  gun  dynamics  contribution  to  the  Jump  measured 
is  not  necessarily  indicative  of  the  gun  dynamics  effects  of  the  service 
cannon.  Tests  are  being  set  up  to  measure  the  gun  dynamics  of  the  service 
cannon.  The  linear  and  angular  motion  of  the  projectile  subsequent  to  muzzle 
exit  appears  to  be  controlled  by  the  linear  and  angular  rates  at  the  muzzle. 
Very  few,  if  any,  disturbances  due  to  the  mechanical  disengagement  of  the 
sabot  and  pusher  were  observed.  The  dynamic  state  of  the  projectile  at  the 
muzzle  is  controlled  by  the  inbore  interaction  dynamics  of  the  flexible  gun 
tube  and  the  flexible  sabot/projectile.  Control  of  the  tube  straightness  and 
the  dynamic  response  of  the  flexible  sabot  may  help  reduce  the  linear  and 
angular  rates  at  the  muzzle.  One  suggestion  based  on  data  in  Reference  [12] 
is  to  increase  or  vary  the  stiffness  of  the  front  sabot  borerider.  Based  on 
the  present  results,  it  is  imperative  that  the  muzzle  rates  be  reduced  to 
insure  a  ballistic  match. 
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The  linear  aerodynamic  char'acter  isl,  ics  of  the  projectile  were 
presented.  It  was  found  that  the  tracer-oaso'blecd  niec'nanlsm  reduced  ttie 
total  drar,  of  the  projectile  by  2b%.  Tfie  measured  aerodynamic  coefficients 
and  radar  data  along  with  6D0F  predictions  indicate  ttiat  the  projectile  is 
dytiatr.irally  unstable  at  subsonic  Maeii  numbers  and,  therefore,  has  a  very  shor’t 
maximum  range  of  ‘,>090  meters  at  sea  level.  The  instability  results  in  very 
high  drag  coefficients  below  Kacti  O.tJb.  A  dr’ag  vet'sus  Mach  number  history  is 
presented  whicti  allows  for  point  mass  predictions  of  the  maximum  range  to 
within  This  point  mass  prediction  technique  represents  an  interim 

solution  until  more  extensive  tests  can  be  conducted  to  determine  the  exact 
lineal'  and  non-linear  behavior'  of  the  projtictile  at  subsonic  Mach  numbers. 
Tire  results  of  the  aeroball istic  tests  confirm  that  the  projectile  will  not 
exceed  the  required  maximum  r-ange  of  8000  meters  under  any  expected  training 
conditions . 
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Figure  Optical  scanner  and  case  mouth  pressure  gage. 
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Figure  5.  Optical  scanner  and  case  mouth  pressure  gage  output. 
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e  7b.  Vertical  gun  displacement:  APDS-T  projectile. 
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Figure  8a.  Horizontal  muzzle  pointing  angle:  APDS-T  projectile. 
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Figure  8b. 


Figure  9. 


Figure  12.  Boresight  collimatLon  on  target.  Figure  13.  Llne-of-rire  sighting  sphere. 
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Figure  iMc.  Horizontal  muzzle  pointing  angle. 
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Figure  15.  Corrected  horizontal  muzzle  pointing  angle. 


Figure  I6b.  Horizontal  x-ray  of  APTP-T :  station  (2). 
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Figure  20.  Horizontal  aerodynamic  jump  in  the  ARF. 
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Figure  21.  Vertical  aerodynamic  jump  in  the  ARF. 
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Figure  22.  Jump  components  APDS-T  projectile. 
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Figure  23.  Jump  components  AFTP-T  projectile. 


-2 


33 


monolithic  steel  body 
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Figure  2U.  Monolithic  steel  APTP-T  projectile. 
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Figure  26.  Drag  vs.  Mach  number:  APTP-T  projectile 
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Figure  27,  Ballistic  match  of  the  APTP-T  and  the  APDS-T  projectiles. 
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Figure  28a.  Point  mass  trajectory;  Ft.  Bliss  test  conditions. 
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Figure  29d.  Magnus  moment  coefficient;  APTP-T  projectile. 
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Figure  30,  Roll  damping  coefficient:  APTP-T  projectile. 
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ire  31a.  Height  vs.  range;  6D0F  prediction  and  radar  data. 
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Figmre  31 b*  Velocity  vs.  range:  6D0F  prediction  and  radar  data. 
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Figure  31c.  Dynainlc  stability  factor  vs.  range:  6D0F  prediction. 
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Figure  310.  Total  Yaw  vs.  range;  6D0F  prediction. 
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Figure  3'e.  Gyroscopic  stability  factor  vs,  range:  6D0F  prediction 
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Figure  32. 


4500  - 

4000  - 

^  3500  ■ 
(/) 

£  ■^000  - 

^  2500  ■ 

2000 

h- 

O  1500 

□ 

X  1000 
500 
0 

0 


Figure  3; 


HEIGHT  (  METERS  )  1  HEIGHT  (  METERS  ) 


5000 


4000 


3000 


2000 


1000 


0  "000  2000  3000  4000  5000  6000  7000 

RANGE  (  METERS  ) 

;  35.  Interim  point  mass  trajectory  compared  to  radar  data 

Ft  i  net  r*AnrtitiAn<5 


3000 


APTP-T 

V  =  1500  ni/t.  S£A  LEVEL  STANDARD 
-  V=1.590  rn/s^  SEA  LEVEL  STANDARD 

-yWisgo  m/8, I^;=12J2 . 0_C_ _ 


2500 


2000 


1000 


1000  2000  3000  4000  5000 

RANGE  (  METERS  ) 


Figure  36.  Sea  level  trajectory  predictions. 
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